In this study, we investigated the effect of fiber and pore size of an electrospun scaffold on the polarization of mouse bone marrow-derived macrophages (BMMΦs) towards regenerative (M2) or inflammatory (M1) phenotypes. BMMΦs were seeded on Polydioxanone (PDO) scaffolds electrospun from varying polymer concentrations (60, 100, and 140 mg/ml). Higher polymer concentrations yielded larger diameter fibers with larger pore sizes and porosity. BMMΦ cultured on these scaffolds showed a correlation between increasing fiber/pore size and increased expression of the M2 marker Arginase 1 (Arg1), along with decreased expression of the M1 marker inducible nitric oxide synthase (iNOS). Secretion of the angiogenic cytokines VEGF, TGF-β1 and bFGF was higher among cultures employing larger fiber/pore size scaffolds (140 mg/ ml). Using a 3D in vitro angiogenesis bead assay, we have demonstrated that the M2-like profile of BMMΦ induced by the 140 mg/ml is functional. Furthermore, our results show that the pore size of a scaffold is a more critical regulator of the BMMΦ polarization compared to the fiber diameter. The study also shows a potential role for MyD88 in regulating M1 BMMΦ signaling on the large vs. small fiber/pore size PDO scaffold. These data are instructive for the rationale design of implantable prosthetics designed to promote in situ regeneration.
Introduction
Tissue engineered biomaterials often induce an inflammatory reaction, also known as the foreign body response (FBR) after implantation. Upon exposure to implanted biomaterials, macrophages (MΦs) fuse into multinucleated giant cells called foreign-body giant cells (FBGCs), leading to fibrous encapsulation [1, 2] . However, MΦs are also essential for early remodeling processes. The phenotypic profile of MΦs as M1 or M2 following exposure to the biomaterial can dictate remodeling and angiogenesis [3, 4] . These processes are modulated via "cross-talk" between MΦs and other cells (e.g. endothelial cells), as well as factors within the local environment [5, 6] . This study aims to gather insight into MΦs response to electrospun PDO by identifying the MΦs phenotype (M1 or M2). In general, M1s or classically activated MΦs are pro-inflammatory and microbicidal, whereas M2s or alternatively activated MΦs are immunomodulatory, reparative, and poorly microbicidal [7] [8] [9] [10] [11] [12] . The balance of these two phenotypes plays a critical role in the phagocytosis of pathogens, the clearance of apoptotic cells, and the remodeling of injured tissues. The actual MΦ phenotype is viewed as a continuum of functional states between these two opposing ends [13] .
Recently M2s were further divided into M2a, M2b, and M2c based on their different roles in tissue remodeling. M2a phenotype is associated with Th2 responses, and arises in response to Interleukin (IL)-4 and IL-13. The M2b phenotype is induced by immune complexes as well as agonists of Toll-like Receptors (TLRs) or IL-1 receptors, and secretes high amounts of IL-10 but reduced IL-12. M2c phenotype is induced by IL-10 or glucocorticoids, produces elevated levels of IL-10 and Transforming Growth Factor-beta 1 (TGF-β1), and is associated with immune suppression and remodeling [13, 14] . In contrast, Interferon-gamma (INF-γ) or Tumor Necrosis Factor-alpha (TNF-α) primed MΦs are grouped as M1s. These MΦs have decreased phagocytic capability and (FcγR)II expression. M1s secrete proinflammatory cytokines, such as TNF-α, IL-1, IL-6, IL-12, and IL-23, possess antiproliferative functions, and induce Th1 responses. In addition, M1s are also crucial in matrix destruction and tissue reorganization at injured tissues via the production of a variety of enzymes such as matrix metalloproteinases (MMPs), collagenase, elastase and hyaluronidase. This allows M1s to quickly migrate through injured tissues to clear pathogens and debris [13] . Mosser et al. suggested a spectrum of MΦ phenotypes and characterized MΦ populations based on three fundamental homeostatic activities: host defense, wound healing, and immune regulation. MΦ are grouped into three primary phenotypes: classically activated MΦ for microbicidal activity, wound-healing MΦ for tissue repair, and regulatory MΦ for anti-inflammatory activity [15] .
Regradless, it is clear that MΦ phenotypes exhibit plasticity. Since prolonged M1 activation leads to tissue injury, M1s must transition to M2s to facilitate proper tissue remodeling after disinfecting and debriding a wound site. In a recent study of skin biopsies from human patients, gene expression was analyzed at early (Day 1-2) and late (Day 4-8) stages of cutaneous wound healing. It was observed that the early stage included a mix of M1 and M2 markers (11 M1 genes and 7 M2 genes) whereas the late stage demonstrated predominately M2 markers (1 M1 gene and 9 M2 genes) [16] .
MΦ response to biomaterials is also dependent on their size. It has been shown that when foreign materials are < 10 µm, MΦ can effectively phagocytose them. On encountering larger foreign materials (10-100 µm) that cannot be engulfed by a single MΦ, mutltinucleated MΦs or FBGCs are formed by the fusion of multiple MΦs. These FBGCs then phagocytose and digest the foreign materials. When FBGCs encounter bulk materials that even they cannot effectively engulf, they undergo a process called "frustrated phagocytosis". In this process MΦs release an array of substances such as cytokines, reactive oxygen species and proteinases in an attempt to degrade the implanted materials [2] .
The impact of fiber size on the MΦ response has also been examined. A report showed that nanofibrous poly(L-lactic)(PLLA) scaffolds (fiber size ~ 0.6 µm) minimized the inflammatory response of RAW264.7 MΦs cell line when compared to films and microfibrous (fiber size ~ 1.6 µm) scaffolds. Histological evaluation demonstrated a higher number of FBGCs on the PLLA film than on the micro-and nanofibrous scaffolds. Scaffold pore size can also alter the MΦ response and subsequent angiogenic functions [10, 11] . Dr. Ratner and co-workers fabricated poly (2-hydroxyethyl methacrylate-co-methacrylic acid) (pHEMA-co-MAA) hydrogel scaffolds with parallel channels by polymer fiber templating. The cardiac implantation of these hydrogels with pore diameters of 30-40 µm showed maximum vascularization and minimal fibrotic response, coupled with an increased number of M2 phenotype MΦs [17] .
Polydioxanone (PDO) is a colorless, crystalline, biodegradable polymer that was developed for biodegradable wound closure sutures. It exhibits high flexibility, higher strength retention, slower absorption rate, and lower inflammatory response as compared to poly(glycolide lactide) and poly(glycolic acid) [18] . PDO has been widely used for vascular tissue engineering applications [18] [19] [20] [21] [22] [23] [24] . Greisler et al. published results utilizing PDO absorbable vascular prosthetics in a rabbit aortic model of regeneration. The results showed no perigraft hematomas, myofibroblast migration, confluent EC lining and reduced thromobogenicity with PDO scaffolds [21] . In addition to the above mentioned properties, PDO was chosen for this study because when electrospun at a particular concentration, it produces scaffolds with a fairly uniform distribution of fiber sizes and pore sizes [18, 20] . Due to this limited variability with respect to fiber and pore dimensions, PDO provided an excellent model and allowed for clear interpretation of results.
While MΦ cell lines are useful and easy to manipulate, they are not functionally equivalent to primary MΦs [25] . We employed primary bone marrow-derived macrophages (BMMΦ) to examine the relationship between fiber size/pore size, MΦ phenotype and angiogenic functions. We hypothesized that differences in pore size and fiber sizes of electrospun PDO would modulate BMMΦ phenotype (M1/M2) and thus influence the BMMΦ mediated angiogenesis. We also investigated if BMMΦ signal differently when in contact with electrospun materials of different fiber/pore sizes. Finally, we analyzed the separate contributions of pore size and fiber size on M2 polarization. These data are instructive for the rationale design of implantable prosthetics designed to promote in situ regeneration.
Materials and Methods

Electrospinning of Polydioxanone (PDO) Polymer
PDO (Ethicon Inc.) was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (TCI America) in concentrations of 60, 100 and 140 mg/ml. These solutions were then loaded into a Becton Dickinson syringe (5.0 ml) with an 18 gauge blunt tip needle and placed in a KD Scientific syringe pump to be dispensed at a rate of 6 ml/hr. Solutions were then electrospun onto a flat rotating stainless steel mandrel (2.5 cm wide × 10.2 cm long × 0.3 cm thick) to produce a flat sheet. All electrospinning was performed at an applied voltage of 23 kV, while the mandrel was rotated at a rate of 500 rpm and placed 12 cm away from the needle tip. The fiber size of the electrospun scaffold was measured by Image J software (NIH). The pore size, porosity and surface area to volume ratio of the scaffolds was measured using a method described by Soliman et al. [26] . Briefly, 10 mm disks of the electrospun scaffolds were weighed and subsequently immersed in 70% ethanol overnight with slight mechanical agitation. This was done to allow the ethanol to penetrate into the scaffold pores. The surface of the samples was then blotted dry on a filter paper and weighed once more to determine the mass of the ethanol present within the scaffold. Measurements were made on five sample disks of each scaffold type. The density of ethanol is 0.789 g/mL and the density of PDO is 1.34 g/mL. The porosity (ε) was calculated as:
where V ETH is the volume of the intruded ethanol and was calculated as the ratio between the observed mass change after intrusion and ρ ETH . V PDO is the volume of PDO fibers and was calculated as the ratio between the dry scaffold mass before intrusion and the density of PDO (ρ PDO ). The pore-radius was calculated from the following equation:
where ω is the fiber size and ε is the scaffold porosity. The surface area to volume ratio of the scaffolds was calculated using the formulas given by Boland et al. [18] :
where L is the equivalent fiber length, r f is the average fiber radius.
Endotoxin Content
The endotoxin content of the electrospun PDO was determined by the Limulus Amebocyte Lysate (LAL) kinetic chromogenic assay (Endochrome-K™, Charles River) following manufacturer's protocol. Briefly, 6 mm disks of PDO were incubated in endotoxin-free distilled water at 37°C for 24 h. Afterwards, samples (water) were collected under sterile conditions and transferred to endotoxin-free tubes. Endotoxin levels were quantified using the LAL kinetic chromogenic assay at 450 nm [27] .
BMMΦ Isolation and Cytokine Secretion
C57BL/6 mice were euthanized and the bone marrow was isolated from the femurs/tibias. The harvested bone marrow was cultured overnight in complete RPMI (with 1% penicillin and streptomycin, L-glutamine, HEPES, sodium pyruvate, 10% FBS, and 30 ng/ml recombinant murine MΦ-colony stimulating factor (rmM-CSF)). Cells were cultured for 7 days in the presence of rmM-CSF (30 ng/ml). Macrophage differentiation was verified by flow cytometry, showing >96% CD68+ (data not shown). After maturation, the BMMΦ were divided into three different groups and stimulated for 48 hrs in the presence of either murine IL-4 and IL-13 (Peprotech, 20 ng/ml each) to polarize BMMΦ to an M2 phenotype or murine INF-γ (Peprotech, 20 ng/ml) to polarize the BMMΦ to an M1 phenotype. The INF-γ treated BMMΦ were washed and further treated with LPS (Sigma-Aldrich L6529, 100 ng/ml) for 18 hrs. Untreated BMMΦs constituted the naïve group (M0s). In the majority of the experiments described in this study, the unstimulated BMMΦ (M0s) will be compared against pre-polarized M1s (serving as negative control) and pre-polarized M2s (serving as positive control).
Phenotype Marker Expression (Arginase and iNOS) and Cytokine Secretion
BMMΦs (10 6 cells) were seeded on tissue culture plates (TCP, 24 well plates) and on ethanol disinfected, PDO scaffolds (15 mm discs) made from varying polymer concentrations (60, 100, and 140 mg/ml). After 24 hrs, the cell lysates were analyzed for Arg1 and iNOS expression by Western blot. Cell seeded scaffolds were removed from the well plate and transferred to a micro-centrifuge tube, rinsed with PBS and lysed on ice in 50 µl of cell lysis buffer (Cell Signaling Technology) containing protease inhibitor (Roche). The extracts were vortexed vigorously 3 times at 5 min intervals. Lysates were centrifuged and the supernatants were obtained and stored at −20°C until needed. Protein concentration was determined by the Bradford method using Bio-Rad's protein assay reagent. Protein lysates were denatured by boiling in Laemmli sample buffer (4×) for 10 mins and subjected to SDS-PAGE. The proteins separated in the gel were transferred to a nitrocellulose membrane. The membrane was blocked with 5% nonfat dry milk in Tris -buffered saline containing 1% Tween-20 (TBST). The membrane was then briefly rinsed in TBST and incubated in the primary antibody solution (containing 5% BSA) overnight at 4°C. Membranes were immunoblotted with antibodies against Arginase 1 (Abcam, ab91279, dilution 1:3000) and iNOS (Abcam, ab15323, dilution 1:2500). After 4× washes in TBST, the membrane was incubated in horseradish peroxidase-conjugated secondary IgG antibody (in 5% non-fat dry milk) for 1h at room temperature. After 4× washes in TBST, chemiluminescence was detected using the ECL Western blotting detection reagent (Pierce).
Cytokine secretion was evaluated by seeding 500,000 BMMΦs (M0, M1 and M2) on ethanol disinfected, electrospun PDO (10 mm discs) in 48-well tissue culture plates. The supernatants were collected after 24 and 72 hrs to quantify pro-inflammatory mediators (TNF-α, IL-6) and wound-healing mediators (Vascular Endothelial Growth Factor (VEGF), TGF-β1 and basic fibroblast growth factor (bFGF)). Chemokines (macrophage inflammatory protein -1 alpha (MIP-1α) and macrophage chemotactic protein (MCP-1)) were quantified by ELISA. All ELISA kits were purchased from Peprotech except for bFGF (Abcam) and TGF-β1 (R&D Systems).
Histology
On Day 3 after samples were recovered for ELISA (Section 2.4), polymer discs of each condition were fixed in 10% formalin and embedded in paraffin blocks. Sections were transferred on to slides, which were then stained with hematoxylin and eosin (H&E) to evaluate BMMΦs infiltration.
Three Dimensional (3D) Angiogenesis Assay
In order to assess the angiogenic potential of BMMΦs, a 3D angiogenesis bead assay was performed following the method described by Chen et al. [28] using conditioned media from the BMMΦ:PDO interaction. The BMMΦ were isolated from the bone marrow of C57BL/6 mice and transformed into M0, M1 and M2 and seeded on 15 mm disks of ethanol disinfected, PDO scaffolds electrospun at 60, 100 and 140 mg/ml in 24 well plate at a concentration of a 10 6 cells/ml. The cell culture supernatants were collected on Day 1 and 3.
Dry Cytodex 3 microcarrier beads (Sigma Aldrich) were hydrated and autoclaved according to manufacturer's recommendations. Approximately 6 million mouse endothelial cells (ECs, ATCC) (passage 5) were mixed with Cytodex beads (~9000) in 25 ml of endothelial growth media (EGM, DMEM high glucose with 10% FBS, 1% penicillin and streptomycin) media in a 50 ml tube and incubated at 5% CO 2 and 37°C for 4-5 hours with agitation every 30 mins to avoid clumping of the bead-cell suspension and to ensure uniform coating. The mixture was then transferred to a T-25 flask and incubated overnight to allow the excess cells not attached to the beads to attach to the flask. The next morning the beads were washed twice in Ca 2+ and Mg 2+ free PBS. A collagen solution was prepared by combining eight volumes of cold bovine collagen type I (3 mg/ml, PureCol ® ) with one volume of 10× PBS and one volume of sodium hydroxide (0.1N). The EC coated beads were suspended in this collagen solution and transferred to 24 well plates (500 µL/well). The plates were incubated at 37°C and 5% CO 2 for 15 min to allow collagen gel formation. The EC coated beads were cultured in 500 µL of either BMMΦ: PDO conditioned media, EGM with 3% FBS (negative control) or EGM with 20 ng/ml murine VEGF (Peprotech) as positive control.
Quantification of Angiogenesis
Each well containing the EC coated bead was digitally photographed under inverted microscopy at Day 6. A special grid (Figure 1 ) made by dividing a circle with radially oriented lines around 360 degrees with 10 degree intervals was used to quantify the percentage density of sprouts. This grid has been used in a previous study to quantify the migration of sprouts in a 3D matrix [29] . The digital photographs were transparently overlaid with the grid in Adobe Photoshop. The number of grid spaces with sprouts were counted and divided by the total number of grid spaces. The length of the sprout was calculated using the Image J software (NIH). The length of sprout was measured from the surface of the bead (L-r) using the segmented line tool in the Image J software. A sprout was defined as a structure originating from the microcarrier bead surface that was > 45 µm in length.
Role of MyD88 in M2 Polarization on PDO Scaffolds
To investigate the role of MyD88 in this phenotypic switch, BMMΦs were isolated from the bone marrow of both B6×129 wild type and MyD88 knockout (KO) mice (Jackson Laboratories). BMMΦ were isolated and transformed in vitro into M1 and M2 as described in section 2.3. The BMMΦ were cultured on 60 mg/ml and 140 mg/ml PDO scaffolds (10 6 / disc) and TCP for 24 hrs and Arg1 expression was analyzed by Western blot.
Comparison of Fiber size vs. Pore Size in BMMΦ Phenotype Modulation
In order to investigate which property of the PDO scaffolds plays an important role in BMMΦ phenotype modulation, the 60 mg/ml PDO scaffolds were made more porous and the 140 mg/ml PDO scaffolds were made less porous without significantly changing their fiber size. The 60 mg/ml PDO scaffold was made more porous using air-flow impedance electrospinning [30] . The set-up is depicted in Figure 2 . Briefly, PDO (60 mg/ml) was loaded into a 3 mL plastic Becton Dickinson syringe with an 18 gauge tip needle and dispensed at a rate of 6 ml/h. The needle tip was subjected to +25kV with an air gap distance of 20 cm between the needle and the mandrel. The perforated mandrel contained 0.75 mm diameter holes laterally spaced 2.0 mm center to center distance, while the center to center longitudinal distance was 1.50 mm. The perforated mandrel was subjected to an air pressure of 100 kPa. On one end of the perforated mandrel, a luer lock was fitted and taped to the perforated mandrel using electrical tape. On the other end, a 3 mm diameter solid mandrel was inserted into the perforated mandrel and taped in place.
The 140 mg/ml PDO scaffold was made less porous by compressing the scaffolds. Briefly, PDO scaffold of 140 mg/ml was cut into flat rectangular sheets. The sheets were then placed in between two flat stainless steel blocks. This assembly was compressed to 5000 psi using a mechanical hydraulic press (Carver, Inc. Wabash, IN) and the pressure was held for one minute. This method of compression collapsed the pores in the scaffold. This led to a decrease in the pore size of the scaffold from 14 µm to 9 µm without impacting the fiber size.
In vitro polarized M2 BMMΦs (10 6 ) as described above were seeded on 12 mm disks of 60 mg/ml ethanol disinfected, PDO scaffolds electrospun on solid and air-flow impedance mandrels or on regular and compressed 140 mg/ml PDO scaffolds, in 48 well plates. Cell lysates were collected after 24 hours and analyzed for Arg1 expression.
Statistical Analysis
Data are expressed as means ± standard deviation. Each experiment was done in triplicates and was reproduced at least twice. All statistical analysis of the data was based on a Kruskal-Wallis one-way analysis of variance on ranks and a Tukey-Kramer pairwise multiple comparison procedure (α=0.05) performed with JMP ® IN 8 statistical software (SAS Institute). P<0.05 was considered statistically significantly different (*).
Results
Electrospun PDO Properties
It was observed that by increasing the polymer concentration of PDO, electrospun scaffolds of varying properties were obtained (Figure 3 ). Increasing the polymer concentration led to a linear increase in the fiber sizes, pore sizes and porosity but decreased the surface area to volume ratio. The statistical differences were only observed in the case of 60 mg/ml and 140 mg/ml scaffolds. The properties of 100 mg/ml and 140 mg/ml scaffolds were not statistically different from one another.
Endotoxin Content
Before proceeding with any experiments using MΦs, PDO scaffolds were assayed for bacterial contamination by evaluating endotoxin levels in scaffolds. The values for endotoxin content ranged from 0.03 -0.09 EU/ml. Therefore, the highest endotoxin level for any scaffold was at least 12,000 times lower than the lowest amount used to activate BMMΦs (100 ng/ml of LPS corresponding to 1100 EU/ml) and well below the acceptable U.S. Pharmacopeia standard for clinical applications (<0.25 EU/ml). This study indicated that the PDO materials used in this study were endotoxin free [31] .
Histological Evaluation
The histological evaluation (H&E staining) of PDO scaffolds showed greater BMMΦ (M0s and M2s) infiltration into the fibrous structures of larger fiber/pore size scaffold ( Figure  4A ). BMMΦ infiltration was quantified using Image J ( Figure 4B ). As expected, the results showed that with increasing fiber/pore sizes, BMMΦ infiltration of the scaffold crosssectional area for M0s and M2s increased linearly. The M0s and M2s in the case of small fiber/pore size PDO (60 mg/ml) scaffold were found concentrated at the surface. The BMMΦ infiltration was statistically higher in the large fiber/pore size scaffold (140 mg/ml) when compared to the 60 mg/ml scaffold. However, in the case of M1s, greater infiltration was observed on the 60 mg/ml. This observation might be attributed to the release of MMPs and other matrix degrading proteolytic enzymes (such as collagenase, elastase and hylauronidase) secreted by the M1 phenotype MΦs [13] . It is known that M1s invade tissues by degrading and destroying it in an attempt to clear the tissue of pathogens and debris [13] .
Arginase and iNOS Expression
The results indicated a correlation between Arg1 expression and increasing fiber/pore sizes in all BMMΦ groups (M0, M1 and M2) on Day 1 ( Figures 5A and B) . The expression of iNOS decreased with increasing fiber/pore sizes. Three pieces of data emerge from these results: (1) These results indicate that the larger fiber/pore sizes (140 mg/ml PDO scaffold, 14 µm pore size) polarize towards an M2 phenotype in naïve BMMΦ (M0s). (2) The larger fiber/pore sizes are able to induce statistically higher Arg1 expression. The expression of iNOS in M1 pre-polarized BMMΦ is downregulated by increasing fiber/pore size ( Figures  5A and C) . However, it should be noted that the statistical difference was only found between 100 mg/ml and 140 mg/ml PDO scaffold. (3) The pre-polarized M2 BMMΦs induce statistically higher Arg1 expression on the large fiber/pore sizes on Day 1.
On Day 3, it was observed that M0s were unable to maintain Arg1 expression ( Figure 6 ). However, M1 and M2s were able to maintain Arg1 expression. Similar to day 1, the larger fiber/pore sizes induced statistically higher Arg1 by M1s on Day 3. The Arg1 expression level by M2s was maintained on the large fiber/pore size. It was also observed that the M2s on the small fiber/pore size PDO increased their Arg1 production on Day 3 compared to Day 1. The expression of iNOS was totally abolished by Day 3 on all fiber/pore sizes of PDO.
BMMΦ Mediator Secretion
The production of cytokines and growth factors characteristic of both M1 and M2 phenotypes was quantified on Days 1 and 3. The levels of TNF-α, IL-6 (indicative of M1 phenoype) and growth factors associated with the M2 phenotype (VEGF, basic fibroblast growth factor (bFGF), TGF-β1) were measured by ELISA and normalized to the total protein content.
The levels of TNF-α are shown in Figure 7A . The highest levels of TNF-α were produced from the M1 phenotype BMMΦ (~ 300 times greater compared to M0s and M2s). The levels of TNF-α were not found to be significantly different between PDO scaffolds of different fiber/pore sizes. TNF-α levels decreased on Day 3 and trended lower on the 140 mg/ml scaffold.
The quantification of IL-6 cytokine is shown in Figure 7B . IL-6 was also produced in highest quantities by M1 phenotype BMMΦs. Similar to TNF-α, the levels of IL-6 were not downregulated by the large fiber/pore size PDO. IL-6 levels were unaffected by different fiber/pore sizes on either Day 1 or 3.
The levels of VEGF by BMMΦ are shown in Figure 7C . In the case of M0s, the production of VEGF was significantly higher on the larger fiber/pore size PDO. Continuing to look at M0s, it was observed that compared to Day 1, the level of VEGF on the 60 mg/ml scaffold were much lower on Day 3 indicating that the 60 mg/ml scaffold is unable to maintain the expression of VEGF. In contrast, the level of VEGF on the 140 mg/ml scaffold increased on Day 3 compared to Day 1 indicating sustained expression of VEGF on the 140 mg/ml scaffold. In the case of M1s and M2s, no differences with respect to fiber/pore sizes were noted.
TGF-β1 is secreted as a complex with latency associated peptide (LAP). In order to quantify the amount of TGF-β1 released, it must be released from LAP by utilizing acidic conditions that denature the LAP and free TGF-β1 from the complex [32] . Hence, the cell culture supernatants were acid-activated as per manufacturer's instructions prior to the TGF-β1 ELISA ( Figure 7D ). Comparable levels of TGF-β1 were produced by all three BMMΦ phenotypes; M0s, M1s and M2s. The TGF-β1 expression was maintained until Day 3. The levels of TGF-β1 increased with increasing fiber/pore sizes in M0s, M1s and M2s. The production of TGF-β1 was statistically higher on the 140 mg/ml scaffold compared to the 60 mg/ml scaffold on Day 1 in the case of M0s and on both Day 1 and 3 in the case of M1s and M2s.
The quantification of bFGF is shown in Figure 7E . Just like the two other angiogenic growth factors VEGF and TGF-β1, bFGF was also produced in comparable amounts by BMMΦ of all three phenotypes; M0s, M1s and M2s. The production of bFGF was statistically higher on the 140 mg/ml scaffold compared to the 60 mg/ml scaffold on Day 1 in the case of M0s and M1s and on Day 3 in the case of M2s.
The expression of two chemokines: MIP-1α and MCP-1 is shown in Figure 7F and 7G respectively. The levels of MIP-1α were much higher in M0s compared to M1s and M2s. The production of MIP-1α was statistically higher on the larger fiber/pore size scaffold (140 mg/ml) compared to the 60 mg/ml scaffold in the case of M0s, M1s and M2s. The levels of MCP-1 were statistically higher on the 140 mg/ml PDO scaffold compared to the 60 mg/ml scaffold in the case of M1s on Day 1.
Angiogenic Potential of Macrophages of PDO Scaffolds
In order to assess the angiogenic potential of BMMΦs cultured on PDO scaffolds, a 3D angiogenesis bead assay was performed using conditioned media from the BMMΦ:PDO interaction. The results of the 3D bead assay are shown in Figure 8 . A representative image of each condition done in triplicate is shown. In all cases (M0s, M1s and M2s), the images showed greater sprouting from the conditioned media from BMMΦ cultured on the larger fiber/pore size PDO ( Figure 8A ). Angiogenesis was measured by quantification of the average sprout length and the percentage density ( Figure 8B and C) . The average sprout length induced by M0s on the larger fiber/pore size (140 mg/ml) was statistically higher when compared to smaller fiber/pore sizes (100 mg/ml and 60 mg/ml PDO scaffolds). No sprouting was observed from the conditioned media of M0s cultured on the 60 mg/ml scaffold. The sprout length in the case of M0s cultured on the 140 mg/ml scaffold was statistically higher than all other samples tested except for the M2s cultured on the 140 mg/ ml scaffold. This result shows that a naïve BMMΦ (M0) cultured on the 140 mg/ml scaffold possesses angiogenic capacity similar to a pre-polarized M2. The sprout lengths induced by M1s were not different across different fiber/pore sizes. In the case of M2s, the sprout length induced by the conditioned media from 140 mg/ml scaffold was statistically higher compared to the 60 mg/ml scaffold. Overall it was observed that M0s induced a ~200 fold higher and M2s induced a ~2 fold higher length of sprout from the 140 mg/ml compared to the 60 mg/ml PDO scaffolds.
The quantification of the percentage density of sprouts is shown in Figure 8C . It was observed that significantly higher density of sprouts was induced by BMMΦs (M0s, M1s and M2s) cultured on the larger fiber/pore sizes. Compared to the 60 mg/ml scaffolds, the 140 mg/ml scaffolds induced a 94 fold higher density of sprouts from M0s, 7 fold higher density of sprouts from M1s and 17 fold higher density of sprouts from M2s. Therefore, these studies show that the larger fiber/pore size PDO scaffold has greater potential for BMMΦ mediated angiogenesis compared to the 60 mg/ml scaffold.
The positive control used in this assay was 20 ng/ml VEGF. It should be noted that BMMΦ conditioned media (especially in the case of 140 mg/ml scaffold) produced greater average length of sprouts and higher percentage density of sprouts compared to the positive control. This can be attributed to the fact that BMMΦ conditioned media contains many growth factors besides VEGF (such as TGF-β1 and bFGF) which also play crucial roles in the process of angiogenesis. Therefore, it is not surprising that their combined effects produced greater sprouting than VEGF alone.
Role of MyD88 in Arginase Production on PDO Scaffolds
In a recent study, it was demonstrated that dendritic cells can sense polymers through a mechanism involving multiple TLR/MyD88-dependent pathways (TLR-2, 4, 6) [27] . We hypothesized that PDO scaffolds activate BMMΦs via TLRs. All TLRs signal through myeloid differentiation factor 88 (MyD88) except TLR-3 and TLR-4. TLR-4 can signal the presence of lipopolysaccharide (LPS) through either MyD88-dependent or MyD88-independent mechanisms.
In this study, we investigated whether PDO scaffolds of different fiber and pore sizes triggers differential signaling pathways in BMMΦs. The MyD88 knockout and wild-type (WT) M0s and M2s expressed similar levels of Arg1 on both 60 mg/ml and 140 mg/ml PDO scaffolds. The only difference was observed in the case of M1s cultured on the 140 mg/ml scaffold ( Figure 9 ). The MyD88 knockout M1s showed severely impaired ability to express Arg1 on the 140 mg/ml scaffold when compared to the WT M1s. No differences were observed in MyD88 knockout and WT M1s cultured on the 60 mg/ml scaffold. This indicates that scaffolds with large and small fiber/pore sizes signal to M1s differently. The 140 mg/ml PDO scaffold signal to M1s through a MyD88-dependant mechanism whereas, 60 mg/ml PDO scaffold signals through a MyD88-independent mechanism. This result indicates a potential role for MyD88 in regulating M1 BMMΦ signaling on the large vs. small fiber/pore size PDO scaffold.
Comparison of Fiber size vs. PoreSize in BMMΦ Phenotype Modulation
During the electrospinning process, as fibers are deposited onto the perforated mandrel, pressurized air emanating from the mandrel perforations is introduced into the developing fibrous structure causing the fibers near the mandrel perforations to be less dense, creating regions of increased scaffold porosity. In contrast, fibers deposited on solid, non-perforated sections of the mandrel (e.g. located between and adjacent to the perforations) are, in comparison, densely packed. The scaffold thus contains regions in which the fibers are porous and regions in which the fibers are densely packed, all within a single contiguous, seamless structure prepared during a single deposition event, thus not requiring multiple deposition steps and/or processing steps [30] . The properties of scaffolds created on solid vs. perforated mandrels are shown in Figure 10 . The air-flow impedance method created a statistically significant increase in the pore size and porosity of the scaffold but did not impact the fiber size and the surface area to volume ratio.
In vitro pre-polarized M2 BMMΦ, as previously described, were seeded on the 60 mg/ml PDO scaffolds (12 mm disks) created by traditional and air-flow impedance electrospinning methods at a density of 10 6 cells/well in 48 well plates. The cell lysates were collected after 24 hours and analyzed by Western blot for Arg1 expression. The analysis is shown in Figure  11 . Compared to the solid mandrel, the air flow mandrel showed higher expression of Arg1 on M2s.
The properties of the compressed 140 mg/ml scaffold compared to the normal 140 mg/ml scaffold is shown in Figure 12 . The Arg1 expression by M2s was reduced on the compressed 140 mg/ml scaffold compared to the normal 140 mg/ml scaffold ( Figure 13 ). These results show that pore size is a more crucial regulator of the M2 phenotype compared to the fiber size.
Discussion
It has been shown by Greisler et al. [21, [33] [34] [35] [36] , Valentin et al. [37] , Roh et al. [38] , and Brown et al. [4] that macrophages play a key role in the success and potential failure of any biomaterial. Recognition of the predominant MΦ phenotypic profile can provide a tool by which a tissue regenerative outcome can be predicted and possibly promoted [4] . In the present study, we examined the effects of fiber/pore size of an electrospun scaffold on MΦ polarization. By comparing naïve unstimulated M0s to pre-polarized M1 (negative control) and M2s (positive control) we have demonstrated that increased fiber/pore size shifts the MΦ phenotype to a more M2, tissue regenerative phenotype in vitro, as evidenced by increased Arg1, TGF-β1, VEGF, bFGF expression. Our objective was to discover conditions promoting an M2 phenotype that can function most effectively at tissue remodelling and angiogenesis. Such a functional M2 phenotype is likely to promote healing and integration of the biomaterial with the host tissue to enhance tissue regeneration. Using the 3D angiogenesis bead assay, we have shown that the BMMΦs of M2 phenotype are functional and can support angiogenesis. Most importantly, we have shown that a naïve BMMΦ (M0) when cultured on the 140 mg/ml scaffold not only acquires a more M2-like phenotype but is also as angiogenic as a pre-polarized M2. Therefore, this study shows that naïve BMMΦs acquire a functional M2-like phenotype when in contact with the bigger fiber/pore size scaffold.
The study indicates a potential role for MyD88 in regulating M1 BMMΦ signaling on the large vs. small fiber/pore size PDO scaffold. Future work will include further understanding of the signalling mechanism through which the BMMΦs sense and interact with electrospun polymers.
The impact of fiber size on MΦ activation has been studied previously [39, 40] . In the process of electrospinning the fiber and pore dimensions of a scaffold are largely dependent on the concentration of the polymer used. Both fiber and pore dimensions increase linearly with concentration [18] . Therefore, the analysis of separate contributions of fiber and pore size to MΦ response has not been done previously. The 60 mg/ml and 140 mg/ml PDO scaffolds differ remarkably in both pore size and fiber size. We have shown that BMMΦ are polarized towards a more M2-like phenotype on the 140 mg/ml scaffold. However, whether this result was because of the fiber size or the pore size remained unclear. To investigate this we designed a more porous 60 mg/ml scaffold using the air-flow impedance method. The 140 mg/ml PDO scaffold was made less porous by compressing it using a hydraulic press. Using these methods the fiber sizes of the two scaffolds remained constant but the pore size and the overall porosity of the scaffolds changed. The fact that we were able to modulate the Arg1 expression in the M2s by using scaffolds of the same fiber size but different pore sizes indicates that compared to the fiber size, pore size is a more crucial regulator of Arg1 expression and BMMΦ phenotype modulation towards an M2 phenotype.
Pore size has always been a crucial property of tissue engineering scaffolds and a key determinant of a scaffold's success through their influence on cell infiltration, nutrient/ oxygen exchange, and angiogenesis [41, 42] . We speculate that in scaffolds with large pores, the MΦ are able to infiltrate more easily, which is supported by microscopic analysis of the scaffolds (Figure 4) . Once inside, they are likely to orient themselves in the threedimensional space and acquire a more natural and spread-out morphology. These microenvironmental cues may direct them to acquire the natural homeostatic tissue reparative roles performed by the M2s in the native tissues. In contrast, MΦ encountering scaffolds with smaller pores are largely concentrated on the surface of the scaffold unable to infiltrate. In an attempt to invade they may undergo "frustrated phagocytosis" and acquire tissue destructive roles which are typically associated with the M1s [17, 43] .
Our data and the proposed hypotheses should set the stage for new in vivo research avenues aimed at evaluating biomaterials characteristics in relation to the MΦ phenotype. Future work may also include the evaluations of several other chemical and physical properties of a biomaterial that may be responsible for variations in the phenotypic profile of the MΦs. The study presented here illustrates the MΦ responses in the early stages of inflammation (1-3 days) . Studies that evaluate MΦ responses in the delayed stages of inflammation (7-14 days) may provide further insight into the biomaterial healing process.
The authors believe that the results of this study can be extrapolated to predict MΦ responses to other biomaterials as well. This study correlates material architecture with MΦ phenotypic responses and provides guidance for the design of biomaterials that promote angiogenesis and tissue regeneration without any undesirable immune responses.
Conclusion
In this study we have demonstrated that by varying the fiber and pore dimensions of an electrospun scaffold, the BMMΦ phenotype can be modulated. BMMΦ acquire a more tissue regenerative M2 phenotype on scaffolds with larger fiber and pore dimensions as evidenced by the increased production of Arg1, VEGF, bFGF and TGF-β1. We further demonstrated that these BMMΦs of M2 phenotype are functional and support angiogenesis and that the naïve BMMΦs acquire a functional M2-like phenotype when in contact with the bigger fiber/pore size scaffold. We have also shown that the scaffolds with different fiber/ pore sizes signal to the BMMΦs differently and have identified MyD88 to be a key component involved in the signaling mechanism. Most importantly, we have shown that compared to the fiber size, pore size of a scaffold is a more critical regulator of the BMMΦ phenotype modulation towards an M2 phenotype. These data are instructive for the design and engineering of biomaterials that can promote in situ angiogenesis and tissue regeneration. (A) Perforated mandrel used for electrospinning, (B) mandrel set up with air line connected [13] . SEM micrographs demonstrating the architecture of the scaffolds tested along with the corresponding physical characteristics (pore radius, fiber diameter, surface-area-to-volume ratio, and porosity) determined for each group. Role of MyD88 in signaling of BMMΦ on PDO scaffolds (60 and 140 mg/ml). Comparison of 60 mg/ml PDO scaffolds electrospun on the solid vs. air flow impedance mandrel. The asterisk '*' indicates a statistical difference between the 60 mg/ml and the 140 mg/ml scaffold. Arginase expression by M2s on 60 mg/ml scaffold electrospun on solid vs. air flow impedance mandrel. The asterisk '*' indicates a statistical difference between the 60 mg/ml and the 140 mg/ml scaffold. Comparison of Normal vs. Compressed 140 mg/ml PDO scaffold. The asterisk '*' indicates a statistical difference between the 60 mg/ml and the 140 mg/ml scaffold. Expression of Arg1 by M2s on normal and compressed 140 mg/ml PDO scaffolds.
